Free hole absorption in doped Al x Ga 1−x As films, grown by molecular-beam epitaxy on semi-insulating GaAs substrates, was investigated. Free carrier absorption for three different hole concentrations with the same Al fraction and for two different Al fractions with the same doping concentration was studied. Experimental absorption coefficients were obtained from the data using a model that includes multiple reflections in the substrate wafer. In the 100-400 m range, ͑3,5,8͒ ϫ 10 18 cm −3 Be-doped Al 0.01 Ga 0.99 As films have absorption coefficients of ϳ͑3,3.5,5͒ ϫ 10 3 cm −1 , respectively, where the magnitude of the absorption is found to be almost independent of the wavelength. This allows replacing doped GaAs emitters in heterojunction interfacial work function internal photoemission far-infrared (HEIWIP) detectors with p-Al x Ga 1−x As layers with x Ͻ 0.017 facilitating the extension of the threshold wavelength of HEIWIP detectors beyond the 92 m limit due to the practical Al fraction growth limit of 0.005 in molecular-beam epitaxy.
Free hole absorption in doped Al x Ga 1−x As films, grown by molecular-beam epitaxy on semi-insulating GaAs substrates, was investigated. Free carrier absorption for three different hole concentrations with the same Al fraction and for two different Al fractions with the same doping concentration was studied. Experimental absorption coefficients were obtained from the data using a model that includes multiple reflections in the substrate wafer. In the 100-400 m range, ͑3,5,8͒ ϫ 10 18 cm −3 Be-doped Al 0.01 Ga 0.99 As films have absorption coefficients of ϳ͑3,3.5,5͒ ϫ 10 3 cm −1 , respectively, where the magnitude of the absorption is found to be almost independent of the wavelength. This allows replacing doped GaAs emitters in heterojunction interfacial work function internal photoemission far-infrared (HEIWIP) detectors with p-Al x Ga 1−x As layers with x Ͻ 0.017 facilitating the extension of the threshold wavelength of HEIWIP detectors beyond the 92 m limit due to the practical Al fraction growth limit of 0.005 in molecular-beam epitaxy. Recent developments in internal photoemission semiconductor junction infrared detectors [1] [2] [3] have made possible the realization of high performance homo-and heterojunction interfacial workfunction internal photoemission (HEIWIP) far-infrared (FIR) detectors operating up to ϳ100 m. The interest in the manipulation of these devices was stimulated in part by possible applications such as large focal plane arrays used for space astronomy as in NASA's Herschel program. 4 Present FIR detectors in use or under development for this wavelength range are extrinsic Ge photoconductors (stressed or unstressed), 5 and Ge (Ref. 6) and Si (Ref. 7) blocked-impurity-band (BIB) detectors. There are many technological challenges for fabricating Ge large format arrays, and GaAs BIB detectors are still in the developmental stages.
Although a threshold wavelength ͑ 0 ͒ of 92 m has been realized for p-GaAs/ Al x Ga 1−x As HEIWIPs, further extension is hindered by the practical growth limit of the aluminum fraction (0.005) in molecular-beam epitaxy (MBE)-grown Al x Ga 1−x As barrier structures. 8 Even in HIWIPs, 0 was observed to be limited to ϳ100 m, as increasing the doping concentration above 2 ϫ 10 19 cm −3 would set off the depletion of free holes in the heavy hole band resulting in a shorter threshold wavelength. 9 Doped Al x Ga 1−x As emitters and GaAs barriers avoid this limit allowing the realization of HEIWIP devices with the 0 extended beyond 138 m. 8 In this mode, Al 0.01 Ga 0.99 As emitters are expected to give a 0 of 325 m. The operation mechanism of these detectors involves FIR absorption in doped Al x Ga 1−x As emitters. This makes it important to understand the free carrier absorption in doped AlGaAs thin films, especially, in the FIR region where the extended wavelength detectors would operate. Experimental absorption coefficients for Al x Ga 1−x As have been reported up to 20 m, previously. 10 In this paper, results are reported on the free-hole absorption in Be-doped Al x Ga 1−x As thin films in the wavelength range of 10-400 m.
Four Be-doped Al x Ga 1−x As thin films were grown by MBE on 520 m thick semi-insulating GaAs(100) wafers. The samples were back side polished in order to reduce the reflection losses. The structure parameters, and the frequency and the wavelength of plasma resonance of free holes in the Al x Ga 1−x As films are shown in Table I . Reflectance and transmittance measurements were performed for 3 ϫ 10 18 , 5 ϫ 10
18
, and 8 ϫ 10 18 cm −3 Be-doped Al 0.01 Ga 0.99 As films and for two 5 ϫ 10 18 cm −3 Be-doped films with 0.01 and 0.20 Al fractions. One of the above samples was etched down using a wet etchant to obtain the transmittance and the reflectance spectra of the GaAs substrate. All measurements were performed at room temperature with a Perkin-Elmer system 2000 Fourier transform infrared spectrometer (FTIR) and a Si composite bolometer. For both the substrate sample and the film/substrate samples, transmittance was measured under a normal incidence geometry, while the reflectance was a)
Also at: NDP Optronics LLC; electronic mail: uperera@gsu.edu APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 22measured at near normal incidence, ϳ5°, using the specular reflectance accessory. The FTIR resolution was 4 cm −1 . The complex permittivity ͑͒ for the doped Al x Ga 1−x As films was modeled using the Drude theory 11 for free carriers in combination with an additive two oscillator mode for phonons:
The first term in Eq.
(1) describes the interaction of infrared radiation with the free carriers in the doped Al x Ga 1−x As film. Here, ϱ is the high-frequency dielectric constant, is the frequency of incident radiation, 0 =1/ is a free carrier damping constant with a relaxation time of , p = ͱ pq 2 / ϱ 0 m* is the plasma frequency of free carriers with effective mass m* and concentration p, and q is the magnitude of the electron charge. The second term describes the interaction of radiation with GaAs-like and AlAs-like transverse optical (TO) phonons in the frame of Lorentz model. Here, TO j is the TO-phonon frequency, ␥ j is a damping constant for TO phonons, and S j is the TO-phonon oscillator strength. A single oscillator with GaAs TO phonons was used for the GaAs substrate.
The model reflectance spectra of the Al x Ga 1−x As films on the GaAs substrates, and the substrate alone were calculated using the complex permittivities ͑͒ of the films and the substrate with a free carrier relaxation time of = 1.2 ϫ 10 −14 s. 12 The dielectric constants and the TO-phonon parameters for the films and the optical constants used for the GaAs bulk substrate were from Ref. 10 . The model absorption coefficient, ␣, of the film was calculated using ␣ =2͑ / c͒k͑͒, where k͑͒ is the extinction coefficient equal to the imaginary part of ͱ ͑͒ and c is the speed of light.
The model reflectance spectra based on Eq. (1) and the experimental spectra for the Al 0.01 Ga 0.99 As films on GaAs substrates at room temperature are shown in Figs. 1(a)-1(c) . The sharp peak in the spectra at ϳ37 m is due to the interaction of radiation with GaAs-like TO phonons, while the arrows at ϳ28 m point to a small peak caused by the interaction of AlAs-like TO phonons. Except for these two phonon peaks, the difference in the reflectance between a single-oscillator and a double-oscillator model is negligible for x Ͻ 0.20. The model and experimental reflectance for Al 0.20 Ga 0.80 As/ GaAs sample around the reststrahlen band are shown in Fig. 1(d) . Here, it is clear that the increased Al fraction, x = 0.20, has increased the strength of the AlAs-like phonon while decreasing the GaAs-like phonon strength. Reflectance spectra for all samples showed an intensity oscillation in the FIR range. Reflectance measurements with 1 cm −1 FTIR resolution showed an oscillation periodicity of 2.7± 0.1 cm −1 , which corresponds to the Fabry-Pérot interference caused by the 520 m thick substrate. Therefore, the experimental absorption coefficient of the films was calculated using a model [Eqs. (2) and (3)] that includes the multiple reflections within the GaAs substrate. The multiple reflections inside the film layer were not included due to the low reflectivity, ϳ0.03, of the Al x Ga 1−x As/ GaAs interface
͑3͒
The experimental free-hole absorption coefficient spectra for the three Al 0.01 Ga 0.99 As films with different Be doping densities are shown in Figs. 2(a) and 2(b) . The dashed curve shows ␣ for 3 ϫ 10 18 cm −3 , while the solid and the dotted curves are for 5 ϫ 10 18 and 8 ϫ 10 18 cm −3 , respectively. The absorption coefficients, ␣, were obtained for room temperature using the experimental transmittance and reflectance data in Eqs. (2) and (3), except for the reststrahlen region. The experimental transmittance in that region (falling well inside the spectrometer noise level due to the high reflectance of both the GaAs substrate layer and the Al x Ga 1−x As/ GaAs samples in the reststrahlen region) will blow up Eqs. (2) and (3) making it impossible to calculate ␣. No major changes in ␣ are expected with temperature due to minute temperature coefficients associated with the relevant optical constants for Al x Ga 1−x As. 10 Figure 2(b) shows ␣ increasing from around 3 ϫ 10 3 to 5 ϫ 10 3 cm −1 as doping density increases from 3 ϫ 10 18 to 8 ϫ 10 18 cm −3 . Although a ϳ 2 dependency is observed in the shorter-wavelength region, the free-hole absorption is found to be almost independent of the wavelength in the range of 100-400 m.
Free-hole absorption coefficient spectra for films with two different x values with the same doping density, 5 ϫ 10 18 cm −3 , are shown in Fig. 3 . The ␣ has decreased from ϳ3.5ϫ 10 3 at x = 0.01 to 3 ϫ 10 3 cm −1 at x = 0.20, while being wavelength independent in the range of 100-400 m. The GaAs emitter/Al x Ga 1−x As barrier HEIWIP devices can only have a maximum 0 of 92 m due to the practical Al fraction growth limit of ϳ0.005 in MBE. However, in devices with doped Al x Ga 1−x As emitters, 0 increases with x, avoiding the growth limitation. Using a detector with doped Al 0.01 Ga 0.99 As layers as emitters, a 0 of ϳ325 m could be obtained for a structure with intrinsic GaAs barriers. Further, calculations show that the FIR absorption coefficient in the range of 5 -400 m decreases by ϳ0.5% only, when a 5 ϫ 10 18 cm −3 Be-doped GaAs emitter is replaced with an Al 0.01 Ga 0.99 As emitter of similar doping. Hence, FIR absorption, almost similar to GaAs can be obtained using emitter layers with lower Al fractions. The inset of Fig. 3 shows a sublinear relationship between ␣ and the acceptor doping density ͑p͒ at 160 m for x = 0.01 films. The ␣ is proportional to ϳp 0.5 . Therefore, the FIR absorption in the Al x Ga 1−x As film layers increases with the doping density.
The calculated and the experimental absorption coefficient spectra for the Al 0.01 Ga 0.99 As film with 8 ϫ 10 18 cm −3 doping concentration are shown in Fig. 4 . The peak in the experimental curve around 3 m is due to the photoexcitation from heavy and light hole bands to the split off band of Al x Ga 1−x As, which is not included in the model spectrum.
In conclusion, free carrier absorption in the range of 10-400 m has been investigated. The absorption coefficient for Al 0.01 Ga 0.99 As is almost the same for GaAs, and this facilitates the use of thin acceptor-doped Al x Ga 1−x As absorber layers as emitters in threshold extension of HEIWIP FIR detectors. The sublinear relationship between the absorption coefficient and the doping density would be useful in designing HEIWIP detectors. Since the variation of ␣ with the Al fraction is not significant for small Al fractions, the absorption quantum efficiency for HEIWIPs with different threshold wavelengths will not vary significantly. 18 cm −3 Be-doped Al 0.01 Ga 0.99 As film from 2 to 400 m at room temperature. The peak around 3 m is due to carrier transitions from the heavy hole (hh) and light hole (lh) bands to the split off band of Al 0.01 Ga 0.99 As.
